Abstract. Borrelia burgdorferi -like spirochetes were detected for the first time in Ixodes granulatus ticks collected in Taiwan. The genetic identities of these detected spirochetes were determined by analyzing the gene sequences amplified by a genospecies-specific polymerase chain reaction assay based on the outer surface protein A (OspA) gene of B. burgdorferi sensu lato. Phylogenetic analysis reveals that the sequence similarity of these spirochetes, ranging from 90.5% to 98.7% is highly homogeneous within the B. burgdorferi sensu stricto genospecies and clearly distinguishable from other Borrelia genospecies. These results provide the first evidence of B. burgdorferi spirochetes detected in I. granulatus ticks and confirm their genetic relationship to B. burgdorferi sensu stricto.
INTRODUCTION
Lyme disease is an emerging tick-borne spirochetal infection that can cause multisystem human illness. Clinical findings vary among infected persons, ranging from a relatively benign skin lesion to severe arthritic, neurologic, and cardiac manifestations. 1, 2 In the 1980s, the causative agent of Lyme disease, Borrelia burgdorferi sensu lato, was first identified within the guts of vector ticks, 3, 4 and the disease is currently considered the most important vector-borne human infection in Europe and the United States. 5 The tick species of the Ixodes ricinus complex serve as the main vectors for transmission and perpetuation of B. burgdorferi spirochetes in a natural cycle of rodent hosts in North America and Europe. 6, 7 Although Ixodes persulcatus and Ixodes ovatus are recognized as principle vectors for the transmission of Lyme disease spirochetes in northeastern Asia, China, and Japan, [8] [9] [10] the hard-bodied ticks, Ixodes granulatus and Haemaphysalis bispinosa , are also suggested as principle vectors for the Lyme disease spirochete transmission in southern regions (adjacent to Taiwan) of China. 11, 12 The abundance and widespread distribution of I. granulatus was recorded for the first time from various countries in Southeast Asia and Taiwan. 13 Although controversies regarding tick species of Taiwan exist, 14 the medical importance with the emergence of human babesiosis 15 and Lyme borreliosis 16 in Taiwan focuses attention on I. granulatus . In addition, B. burgdorferi was also isolated from six rodent species captured at various Taiwan localities and I. granulatus ticks were observed on four species of these rodents. 17 Although I. granulatus was presumed to be the vector for the enzootic transmission of Borrelia spirochetes in Taiwan, 18 spirochete infection and genetic diversity of Borrelia spirochetes harbored by this tick species remain undefined.
Outer surface protein (Osp) genes in all Borrelia isolates belonging to the major genospecies of B. burgdorferi sensu lato were verified and described. 19, 20 Genomic similarities of Borrelia spirochetes are clarified by differential reactivity with genospecies-specific OspA primer sets and by analyzing the homogeneity of OspA sequences. [21] [22] [23] [24] Thus, the aim of the current study is to identify Borrelia spirochetes in I. granulatus ticks by polymerase chain reaction (PCR) assay targeting B. burgdorferi sensu lato OspA , and to establish genetic identity of detected spirochetes by analyzing phylogenetic relationships with other Borrelia species.
MATERIALS AND METHODS
Collection and identification of tick specimens. All adult tick specimens were collected from field sites of offshore Kinmen Island of Taiwan ( Figure 1 ). Adult ticks were removed from rodents and subsequently stored in separate mesh-covered vials. Tick species were identified according to Ixodidae pictorial keys based on morphologic characteristics, as described previously. Detection of spirochetes by light and fluorescent microscopy. For light microscope observation, flat or partially engorged adult ticks were dissected, and gut smears were prepared on acetone-cleaned slides. Briefly, gut specimens of ticks were fixed with methanol, air-dried, and stained in dilute Giemsa's stain (Wolbach variant stain) (Merck, Germany) overnight. After two washes with phosphate-buffered saline (PBS), slides were air dried and examined for spirochetes by light microscopy (BX-60, Olympus Co., Tokyo, Japan). In addition, the slides of each gut specimen were covered with undiluted monoclonal antibody against B. burgdorferi OspA (H5332), placed in a humid chamber, and incubated for 1 hour at 37°C. After reacting with a fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse immunoglobulin G (F8264; Sigma Co., St. Louis, MO) secondary antibody, the slides were mounted with buffered glycerin and examined by epifluorescence microscopy using a high-power (400×) objective, as described previously.
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DNA extraction from tick specimens. Total genomic DNA was extracted from individual tick specimens used in this study. Briefly, tick specimens were cleaned by sonication for 3-5 minutes in ethanol and then washed twice in sterile distilled water. Afterwards, individual tick specimens were divided into pieces, placed in a microcentrifuge tube filled with 180-µL lysing buffer solution supplied in the DNeasy Tissue Kit and then homogenized with a sterile tissue grinder (catalogue no. 358103, Wheaton Scientific Products, Millville, NJ). The homogenate was centrifuged at room temperature and the supernatant was further processed using a DNeasy Tissue Kit, as per manufacturer's instructions (catalogue no. 69506, Qiagen, Taipei, Taiwan). After filtration, the DNA concentration was determined spectrophotometrically (GeneQuant II; Pharmacia Biotech, Uppsala, Sweden).
DNA amplification by polymerase chain reaction. DNA extracted from the tick specimens were used as template for PCR amplification. A specific primer set, SL-1 (5′-AAT-AGGTCTAATAATAGCCTTAATAGC-3′) corresponding to the 3′ end of OspA and SL-2 (5′-CTAGTGTTTTGCCATC-TTCTTTGAAAA-3′) corresponding to the 5′ end of OspA , were designed to amplify DNA of all three major B. burgdorferi sensu lato genospecies, as described previously. 21 All PCR reagents and Taq polymerase were obtained and used as recommended by the supplier (Takara Shuzo Co., Ltd., Japan). Briefly, a total of 0.2 µmol of the appropriate primers and various amounts of template DNA were used in each 50-µL reaction mixture. The PCR amplification was performed with a Perkin-Elmer Cetus thermocycler (GeneAmp system 9700, Applied Biosystems, Taipei, Taiwan) for 40 cycles with denaturation at 93°C for 1 minute, annealing at 60°C for 1 minute, and extension at 72°C for 1 minute. Amplified DNA products were electrophoresed in 2% agarose gels in Tris-Borate-EDTA (TBE) buffer and visualized under ultraviolet (UV) light after staining with ethidium bromide. A 1-kb plus DNA ladder (catalogue no. 10787-018, Gibco BRL, Taipei, Taiwan) was used as the standard marker for comparison.
Sequence alignments and phylogenetic analysis. After purification with a QIAquick PCR purification kit (catalogue no. 28104, Qiagen, Taipei, Taiwan), the nucleotide sequences of B. burgdorferi -like spirochetes detected in the I. granulatus tick specimens were sequenced using an ABI Prism 377-96 DNA sequencer (Applied Biosystems, Foster City, CA). The resulting sequences were initially aligned with the CLUSTAL W 26 and further analyzed by neighbor-joining (NJ) compared with maximum parsimony (MP) methods to estimate the phylogeny of the entire alignment using MEGA 4.0 software package. 27 A similarity matrix was also constructed using DNASTAR program (Lasergene, version 7.0 ). All phylogenetic trees were constructed and performed with 1,000 bootstrap replications to evaluate the reliability of the constructions, as described previously.
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Nucleotide sequence accession numbers. The nucleotide sequences of PCR-amplified OspA from B. burgdorferilike spirochetes are assigned the following GenBank accession nos.: strains KH-1 (EU564834), KH-3 (EU564835), KH-6 (EU564836), KH-9 (EU564837), KH-13 (EU564838), and KH-14 (EU564839). For phylogenetic analysis, nucleotide sequences of OspA from various Borrelia species were included for comparison and their GenBank accession numbers are shown in Table 1 . Table 2 ) . Almost all infected adult ticks fed on the rodent R. losea , except for one adult female tick from S. murinus .
RESULTS
Spirochetes in these adult I. granulatus ticks were detected by Giemsa's stain (Wolbach variant stain) and B. burgdorferi -like spirochetes were observed within the gut lumen of an adult I. granulatus tick ( Figure 2A ). Immunofluorescence was performed to determine antigenic identity with B. burgdorferi sensu lato. Gut smears of adult I. granulatus ticks showed B. burgdorferi and B. burgdorferi -like spirochetes ( Figure 2B ). These results indicate that Borrelia spirochetes within the adult I. granulatus ticks were morphologically similar to and antigenically related to B. burgdorferi sensu lato.
To clarify the genetic identity of these B. burgdorferi -like spirochetes within adult I. granulatus ticks, sequences of PCRamplified OspA were analyzed. As shown in Table 3 , the OspA nucleotide sequences were highly homologous, ranging from 90.5% to 98.3%. Compared with the B31 strain of B. burgdorferi , the sequence homology ranged from 91.3% to 98.7% clearly distinguishing these from other genospecies of B. burgdorferi ( Table 3 ) .
Phylogenetic relationships based on alignment of OspA sequences were determined to analyze genetic divergence among 26 Borrelia spirochetes investigated in this study. All Borrelia spirochetes detected in adult I. granulatus ticks constituted a separate clade from other B. burgdorferi genospecies in both neighbor-joining ( Figure 3A ) and maximum parsimony ( Figure 3B ) strains (KH-1 and KH-9) detected in adult I. granulatus ticks represent a monophyletic group, all spirochetes detected represent an unique lineage within the B. burgdorferi sensu stricto genospecies.
DISCUSSION
Our report describes the first detection of B. burgdorferi spirochetes in adult I. granulatus ticks collected in Taiwan. In our previous investigations, B. burgdorferi was isolated from six rodent species captured at various locations in Taiwan and I. granulatus ticks were observed on four species of highly infected rodent hosts. 17 Because of the high prevalence of spirochetal infection among captured rodents in Taiwan, the existence of zoonotic transmission of B. burgdorferi spirochetes was suggested. In addition, laboratory-diagnosed cases of human Lyme disease had also been reported in Taiwan. 16, [29] [30] [31] Thus, the identification of Borrelia spirochetes in possible vector ticks is required to clarify the natural transmission cycle in Taiwan. Indeed, results from this study confirm the existence of B. burgdorferi in adult I. granulatus ticks and demonstrate that the R. losea is a major reservoir host that contributes to maintainence of the spirochetal infection in nature. Further investigations focused on the seasonal abundance of reservoir hosts and the prevalence of spirochetal infection among collected ticks would help to elucidate enzootic transmission of Borrelia spirochetes as well as the risk for humans acquiring infection in Taiwan.
The identity of Borrelia spirochetes within the gut lumens of Ixodes ticks can be verified by seroreactivity with B. burgdorferi -specific monoclonal antibodies (MAbs ). Although heterogeneity of major outer surface proteins between different geographic isolates of B. burgdorferi was reported, 32, 33 seroreactivity with MAb against OspA (H5332) was found in almost all. 23 In this study, the Borrelia spirochetes detected within the gut lumens of I. granulatus ticks also reacted with MAb against B. burgdorferi OspA. In addition, all the I. granulatus ticks were collected from presumed reservoir hosts, as described previously. 17 Based on morphologic similarity and antigenic reactivity, these spirochetes in I. granulatus ticks are closely related to the causative agent of Lyme disease, B. burgdorferi sensu lato.
Genospecies of Borrelia burgdorferi spirochetes can be identified by differential reactivities with genospecies-specific PCR primers. Indeed, genetic analysis based on genospecies-specific PCR primers is recognized as a rapid assay for distinguishing and identifying B. burgdorferi species, regardless of the biologic or geographic origins. 20, 21, 34 In our previous study, we used four sets of genospecies-specific PCR primers based on the OspA to distinguish and clarify the genetic identity of various Borrelia isolated from rodents in Taiwan. 21 Results from the present study also verify the genetic identity of Borrelia spirochetes detected in I. granulatus ticks of Taiwan and all are highly homologous within the genospecies of B. burgdorferi sensu stricto. Further application of these genospecies-specific PCR primers to investigate reservoir hosts and tick specimens is required to discover new endemic foci and to identify genetic heterogeneity of B. burgdorferi in Taiwan.
The phylogenetic relationships among B. burgdorferi can be constructed by analyzing their sequence homology of a specific target gene. Indeed, sequence analysis of OspA , with regard to the antigenicity and species identification was described previously. 20, [22] [23] [24] Nucleotide sequence variation of a target gene may actually represent the genetic distance or phylogenetic divergence between or within the Borrelia genospecies. 24, [35] [36] [37] In this study, phylogenetic analysis of OspA demonstrates a high homology among Borrelia spirochetes in I. granulatus ticks of Taiwan and within the same genospecies of B. burgdorferi sensu stricto ( Figure 3 ) . However, sequence heterogeneity was also observed between different genospecies of Borrelia spirochetes. Further analysis of OspA and other target gene sequences, such as OspC and 5S-23S rRNA intergenic spacer region, of Borrelia spirochetes isolated from various biological origins would help to clarify genetic divergence of Borrelia spirochetes in Taiwan.
In conclusion, our report provides the first evidence regarding the existence of B. burgdorferi spirochetes in I. granulatus ticks collected in Taiwan. The genetic identity of these spirochetes was confirmed by analyzing sequence homology of OspA and showed that all spirochetes detected in I. granulatus ticks were genetically related to B. burgdorferi sensu stricto. Further application of molecular tools to study the genetic variability of OspA and other target genes among Borrelia spirochetes collected from patients, vector ticks, and reservoir hosts may help provide a better understanding of the significance of the genetic diversity of Borrelia spirochetes in relation to the epidemiologic features and their pathogenicity for human Lyme borreliosis in Taiwan.
